After decades of robust growth, the rise in US life expectancy stalled after 2010. Explanations for the stall have focused on rising drug-related deaths. Here we show that a stagnating decline in cardiovascular disease (CVD) mortality was the main culprit, outpacing and overshadowing the effects of all other causes of death. The CVD stagnation held back the increase of US life expectancy at age 25 y by 1.14 y in women and men, between 2010 and 2017. Rising drug-related deaths had a much smaller effect: 0.1 y in women and 0.4 y in men. Comparisons with other high-income countries reveal that the US CVD stagnation is unusually strong, contributing to a stark mortality divergence between the US and peer nations. Without the aid of CVD mortality declines, future US life expectancy gains must come from other causes-a monumental task given the enormity of earlier declines in CVD death rates. Reversal of the drug overdose epidemic will be beneficial, but insufficient for achieving pre-2010 pace of life expectancy growth.
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life expectancy | mortality | cardiovascular disease | drug-related mortality | opioid epidemic L ife expectancy in the United States increased at a phenomenal pace throughout the twentieth century, by nearly 2 y per decade (1) . A major driver of the improvement after 1970 was the decline in cardiovascular disease (CVD) mortality. This "CVD revolution" has been attributed to improved pharmacological management, advances in surgical techniques, and healthier lifestyles (2) . US death rates from CVD halved between 1970 and 2002 (3).
After 2010, however, US life expectancy growth stalled and has most recently been declining. A critical question for American health policy is how to return US life expectancy to its pre-2010 growth rate. While much attention is being directed at drug-related deaths (4-6), we demonstrate that the changing trajectory of CVD deaths has been the most consequential cause-specific trend for the post-2010 US life expectancy stall. This link has not been empirically demonstrated, in part, because past analyses have focused on the very recent period in which CVD mortality had already stalled. For example, Ho and Hendi (5) was concerned with the year-over-year life expectancy decline that occurred during 2014-2015, and concluded that the US decline was mainly attributable to drug-related mortality; and Barbieri (4) focused on drug-related mortality in an analysis of causes of deaths that have contributed to the US shortfall in life expectancy relative to 12 other high-income countries in 2014. Consistent with our findings, Barbieri (4) found that drug-related mortality accounted for only about 10% of the US shortfall in 2014, and concluded, "Overall, the largest [reduction in the US life expectancy shortfall] would be achieved by reducing the US disadvantage in mortality not from drug use, alcohol and chronic liver diseases or suicide, but from other broad cause-of-death categories." In this paper, we show that CVD is the key cause-of-death category for understanding the US life expectancy stagnation.
A Cause-of-Death Accounting of the Post-2010 US Life Expectancy Stall Fig. 1 compares the death rates from drug-related causes and CVD since 1999 on the same y-axis scale. At its peak, drug-related deaths reached a level of 30 deaths per 100,000 person-years in 2017. CVD mortality is on a level that is an order of magnitude higher, ranging between 350 and 550 deaths per 100,000 personyears during 1999-2017. Importantly, since 2010, declines in US CVD death rates have slowed dramatically. In 2010, US CVD mortality was similar to the mean of 10 high-ranking life expectancy countries, including the United Kingdom ( Fig. 1 ). In 2016, the US CVD mortality rate exceeded that of the mean of 10 high life expectancy countries by a staggering 30%, or 80 deaths per 100,000 person-years. This stagnation-and, in some cases, reversalhas occurred for men and women, for most age groups, and in high and low life expectancy states in the United States (additional information linked at ref. 7) .
What would life expectancy be if drug-related deaths had not increased since 2010? And, what would life expectancy be if declines in CVD mortality had not stalled after 2010? We simulated life expectancies based on these counterfactual scenarios. The drug-related counterfactual held sex-and age-specific drugrelated mortality fixed at its 2010 level, and estimated life expectancy at age 25 y (e 25 ) for subsequent years. This simulation provides a trajectory of e 25 under the counterfactual scenario of no rise in drug-related death rates since 2010. The CVD scenario simulated the e 25 trajectory under the counterfactual that CVD death rates continued their 2000-2009 pace of decline. We applied the average annual decline in CVD death rates by sex at each single year of age (and for ages 85+ y) during 2000-2009 to each year in 2010-2017. Fig. 2 shows the results. Between 2010 and 2017, US e 25 changed by +0.07 y in women and −0.04 y in men ( Fig. 2 ). If drug-related mortality stayed fixed at its 2010 level, e 25 in 2017 would have been 0.36 and 0.14 y higher in men and women, respectively. In contrast, if CVD mortality continued its past rate of decline after 2010, e 25 in 2017 would have been 1.14 y higher in both women and men. This number closely matches the 1.2-y growth in the gap in life expectancy between the United States and the average of the 27 European Union countries that constituted the union in 2010 (EU-27) between 2010 and 2017. The counterfactual exercise confirms that the slowdown of CVD progress has been much more consequential to US life expectancy than has the increasing drug-related mortality.
Our counterfactual simulations retain observed levels of all other death causes, so as to isolate the effects of drug-related and CVD deaths. The simulation relies on a reasonable potential pace of CVD mortality decline that would have put the United States on a similar trajectory with the mean of 10 high-income countries and the United Kingdom (7) . Alternate counterfactuals are possible. Halving the simulated pace of progress in CVD mortality, using year 2000 as the benchmark for drugrelated mortality, or starting the simulations at age 15 y do not change the conclusions (7) . Analysis of cancer and other death causes confirms that they have contributed less to the US life expectancy stall than has CVD (7) .
Implications
Americans have enjoyed robust gains in life expectancy for more than a generation. A persistent stagnation in US life expectancy would require social, economic, and political institutions to adapt. The opioid epidemic has clearly contributed to recent stagnation. We do not wish to diminish its importance. The troubling trend in US CVD mortality, however, is the main culprit for longer-term US life expectancy stagnation. Woolf and Schoomaker (6) recently concluded that drugrelated deaths have played a central role in recent US life expectancy trends, drawing from a rich description of mortality trends and a review of the existing literature, including Ho and Hendi's (5) findings. Woolf and Schoomaker (6) did not perform a formal decomposition of the contributory roles of various death causes, and the authors focused on trends under age 65 y, although mortality dynamics at older ages have also been important for the life expectancy stagnation (7) . Our formal analysis demonstrates, starkly, that the reversal of the drug-related mortality epidemic would not return the United States to a life expectancy trajectory that it experienced prior to 2010.
It is important to emphasize that there is no logical inconsistency in our finding that the longer-run stagnation in US life expectancy is due to the CVD stagnation and that the shorter-term decline in life expectancy over 2014-2015 is attributable to drug-related deaths (5) . If an analysis does not include the inflection point in CVD mortality that occurred around 2010-as prior papers did not-it would miss the massive effect and importance of CVD on the longer-run life expectancy trend.
The flattening of the CVD mortality trend has been documented elsewhere, and it has been shown to be occurring in other countries (8) (9) (10) (11) (12) . The US CVD stagnation is unusually strong, however, and a quantification of the role of the CVD stagnation to the post-2010 stagnation in US life expectancy has not been previously demonstrated. One potential explanation is that the United States is experiencing a "floor effect" in CVD mortality-further improvements are not possible without medical innovations. Our international comparison shows that this is not true, as US CVD mortality is increasingly lagging behind the average of 10 high life expectancy countries, and countries with historically low CVD mortality, such as Japan, continue to improve.
Alternative hypotheses need to be considered. Rising obesity is a worthy candidate. The US obesity epidemic started in the mid-1980s, ahead of other high-income countries. Recent cohorts have experienced obesity at a younger age than their predecessors. Moreover, the United States has a higher prevalence of diabetes compared to its peer countries. The timing of the cigarette smoking epidemic and, particularly, its recession may also be important. The United States was a leader in both the rise and fall of the smoking epidemic, and the United States may have already benefitted from most of the gains from declining smoking. European countries, in contrast, may still be enjoying robust mortality benefits from their more recent declines (8) . The United States has performed well in detecting and treating major CVD risk factors (13) . Cholesterol, triglyceride, and low-density lipoprotein (LDL) levels did not worsen between 1999 and 2014, thanks to effective management and public awareness (14) . Systolic blood pressure levels were also relatively stable from 1999 to 2016 (15) . Thus, the stagnation may be less related to treatment failures and more due to unfavorable trends in the prevalence of underlying risk factors that require treatment.
Our supplemental analyses indicate that stagnating CVD mortality is occurring across most states, not only in disadvantaged ones (7) . It is possible, nonetheless, that the stagnation is driven by subpopulations within states, and further distillation of this variation is important. It is also plausible that some of the explanations for rising drug-related deaths and stagnating CVD mortality are common. For example, social and economic despair may contribute to both (12, 16) . Opioid use is a risk factor for heart disease (17) , and a portion of CVD deaths may be attributable to opioid use (18) .
Future gains in US life expectancy are jeopardized in the absence of a renewed decline in CVD mortality. Without this resumption, gains must come from improvements in other causesa monumental task given the enormity of earlier declines in CVD mortality. Reversal of the drug overdose epidemic will be beneficial but, as we demonstrate, insufficient to returning the United States to its pre-2010 pace of life expectancy growth.
Materials and Methods
US data are from the Centers for Disease Control (CDC) Wonder database. Non-US data are from World Health Organization (WHO) Cause of Death Database. Drug-related deaths include deaths from legal and illegal substances and intentional (e.g., suicides) and unintentional (e.g., accidents) drug-related causes (International Classification of Disease [ICD] 10: X40 to X44, X60 to X64, X85, and Y10 to Y14). CVD deaths include deaths from heart attacks and strokes (ICD 10: I00 to I78). The life expectancies at age 25 y (e 25 ) in Fig. 2 were produced using conventional period life table techniques using single year of age death rates for ages 25 y to 84 y and an open-ended interval for ages 85+ y. For additional information, see ref. 7 .
